INTRODUCTION
The high variability of designs of the heat-mass exchange facilities with active hydrodynamic modes results in the diffi culties of calculation of heat-mass exchange of dispersion particles with gas fl ow without signifi cant simplifi cations, which yield the results poorly consistent with experimental data.
It is known that the coeffi cients of heat and mass transfer are basic characteristics of the devices implementing the swirling gas fl ows. An analysis of the research papers shows that there is a lack of information and reliable data on determining the transfer coeffi cients in swirling fl ow devices. It necessitates the carrying out of experimental studies of heat and mass transfer processes under conditions corresponding maximally to a particular technological process and unit.
At the Institute of Chemistry of the Far-Eastern Branch of the Russian Academy of Sciences (FEB of RAS), a series of experimental studies of heat exchange processes was performed in a swirling unit with counterfl ow of a gas and of processed dispersion mate- rial. The experimental heat-exchange coeffi cients have been established and experimental data are presented in the form of relationship between the similarity criteria (Yudakov et al., 2015) . The complexities in the studies of heat exchange are caused by the fact that in the absolute majority of real technological processes heat exchange is complicated by simultaneously occurring mass exchange determined predominantly by the contact surface of phases and by the intensity of their mixing. In this connection, the study of mass exchange in swirling gas fl ow with counterfl ow of components was continued at the experimental plant the functional diagram of which was presented earlier in (Yudakov et al., 2015) .
INTERCOMPONENT MASS TRANSFER IN SWIRLING GAS-DISPERSION FLOW WITH COUNTERFLOW OF COMPONENTS
O
EXPERIMENTAL
The sequence of carrying out experiments, error estimation, selection of model material, characteristic treatment temperature, determination of mass concentration of material in the plant and of the gas fl ow velocity were similar to the experiments carried out in studying heat exchange. The key point of the mass-exchange studies was the specifi cally developed weighing procedure based on measuring the loss of the mass of particles when they move in the reaction volume of the swirling chamber from one point of measurement (sample taking) to the other.
As the basic model process in studying the mass transfer features, the process of drying powdered iron and quartz sand in high-temperature gas fl ow was taken. The driving force of this process in the gas phase is the difference of concentrations of steam in the boundary layer along the surface of particles (c bl ) and away from this surface in the gas volume (c g ). By our estimates, the thermal diffusion is negligibly small. In this case, the drying rate is determined by both the vapor transfer from material to the fl ow of the drier agent (mass transfer) and moisture transfer in the thickness of the material (mass conductivity). The mass conductivity can be taken into account by the mass conductivity coeffi cient D and depends only on the material properties and thermodynamic parameters of the dying process. Mass transfer depends on the properties of the material and gas fl ow and on the conditions of their interaction, i.e., on the operating parameters of the technological process and design features of the plant in which the process is realized. The intensity of mass transfer is closely related to the intercomponent heat exchange.
The choice of the drying process as a model one is explained by the suffi cient knowledge of its kinetics and dynamics. In the paper by Planovsky and Nikolaev (1987) it was shown that even with account for the mass conductivity the process of drying can be considered as a purely mass-exchanging process while the temperature fi eld of the dryable material as a specially caused superposition the effect of which can be taken into account with the use of experimentally obtained interrelations between the material volume-averaged temperature and moisture content under condi-tions of operation of the unit considered. Moreover, it is well grounded when convective heat and mass transfer is considered as in our situation. In addition, the chosen drying process and materials similar to the model ones are widely used in industrial practice and offer the opportunity not only to apply but also to check the obtained experimental results on the real technological units and processes.
Some complications arise when determining the surface of intercomponent interaction F for capillary-porous bodies, because evaporation occurs through the surface of the meniscus of water existing immediately at the solid surface and, in a greater degree, in the pores, cracks, and capillars. In this case, in the course of drying, the surfaces and confi gurations of menisci change because of their withdrawal into the depth of the material. Therefore, in the calculations, the evaporation surface was taken to be equal to the surface of a sphere whose diameter is equivalent to the diameter of the particles used in the experiments.
With account for the results of preliminary experiments, aiming at obtaining the most accurate measurements of the operating capabilities of the unit, the following factors were changed within the stated ranges in the course of measurements: exchange gas velocity (products of propane-butane combustion in air) at the inlet to the chamber V in = 7.42-15.81 m/s, temperature of the gas fl ow t g = 260-540 o С, initial moisture content of the material W in = 0.515-1.91%, powder consumption G p = 15-40 kg/h; mass relative concentration of particles in fl ow μ = 1.8-4.8 kg/kg for powdered iron and μ = 0.46-1.2 kg/kg for quartz sand; particle size d = 0.16-0.2 mm for powdered iron, d = 0.2-0.315 mm for quartz sand; type of dispersion material [quartz sand, powdered iron (PI-2M)]. All of the studied dispersion materials belong to capillary-porous bodies with a fi xed structure; however, the volume of voids (cracks) is extremely small and relation of moisture to the material is adsorptive and physicomechanical.
In the base modes (referred to as bas), the studies were carried out for powdered iron at V in = 15. 
PROCESSING OF MEASURED AND CALCULATED RESULTS
Initially, the measurements of the masses of wet powder particles were performed with changes in the above factors. The curves of the material heating and drying are presented in Figs. 1 and 2 . In the fi elds of many experimental points, the data obtained in certain characteristic conditions are identifi ed.
The mass transfer coeffi cient β (m/s) is a major experimental value determined with an accuracy of 16%. The calculating formula for determining β based on the traditional equation of mass transfer is as follows:
In this case, the partial steam pressure at the evaporation surface (Р s ) is determined in accordance with the real temperature measurements from the steam table as the saturation vapor pressure at t sat = t T . The partial pressure of steam away from the evaporation surface is determined from the measurements of moisture content or calculations of combustion products that in this case are a drying agent too.
By analogy with the heat exchange (Yudakov et al., 2015) , two concepts were introduced for processing and analyzing experimental data: • local mass-transfer coeffi cient β i characterizing the mass transfer rate in a certain section of the particle motion trajectory between the measuring points (n -1) and (n) which is calculated as follows:
• integrated mass-transfer coeffi cient β Σ, characterizing the mass transfer rate in a section from the point of the particle introduction into the fl ow to the selected point n which is calculated as follows:
The local coeffi cient is denoted as β i on the graphs between the measuring points (n -1) and n, and β Σ between the point of the particle introduction and measuring point. In this case, the temperature T at which Р sat was determined and t g at which the partial pressure in a volume of gas Р g was defi ned were taken as the arithmetic means between two measuring points considered.
It is evident that β i and β Σ for the section from the point of particle introduction to the fi rst measuring point coincide and that β Σ for the last measuring point (in the storage of processed material) characterizes the mass transfer rate in the unit as a whole.
In Fig. 3 , the variations of the local mass transfer coeffi cients in the identifi ed characteristic conditions are presented.
It is evident from the graphs presented that the mass transfer rate has a pronounced maximum at the initial section of the particle trajectory at the top of the chamber despite the fact that the gas has a maximum temperature and velocity in section of 0.6 m. Here, the location and value of β max depend on the initial temperature of the gas: the higher the temperature, the larger the mass-transfer coeffi cient maximum and the faster its achievement along the path of particles. Most probably, this is due to the fact that the relative velocity between the gas and particles (sliding velocity U) at the entry section attains the largest values because the particles are not involved as yet into the rotational motion.
As to the absolute values of the mass-transfer coeffi cients (β Σmax = 1.225 m/s for powdered iron and β Σmax = 1.95 m/s for quartz sand), it should be noted that these are effective values corresponding to the actual conditions of convective drying.
In this case, heat exchange and mass exchange are not equivalent in principle, the heat transferred by the gas to the particles returns into the gas fl ow only partially with the evaporated moisture because its signifi cant part is consumed for material heating, phase moisture-vapor transition, and overcoming the moisture-material binding energy. Moreover, the inhomogeneity of the two-component fl ow structure and particle displacement to the wall-adjacent area should be kept in mind.
In this regard, the real (effective) coeffi cients are less than equivalent; they are obtained by calculation or experimental methods under conditions when all the heat supplied from the gas to a particle is consumed for moisture evaporation and is returned with the vapor to the gas fl ow.
The relation between the effective and equivalent mass-transfer coeffi cients can be determined by analyzing the heat balance between the gas and solid material over an infi nitely small interval of time (Mushtaev and Ulyanov, 1988) .
From the obtained curves of drying kinetics and analysis of experimental results, it follows that the external convective mass transfer can be quite correctly considered only in the initial section of the particle motion trajectory because, thereafter the mass conductivity depending on the material structure and moisture has an ever-increasing effect.
In addition, the mass exchange surface and other characteristics of the process that are poorly identifi able in processing and analyzing the experimental data change in the course of motion of particles as is indicated in the foregoing.
Subsequently, the diffusion Nusselt number Nu D = βd T /D characterizing the mass transfer rate was used for integration and analysis of experimental data.
The experiments with a change in the input velocity showed that with increase in V in and thus in Re T and Re in , the mass transfer rate increases in the entire volume of the chamber (Fig. 4) . Apparently, this is also related to the increase in the phase sliding and thinning, as well as to the transition of the boundary layer of the gas at the surface of particles.
A certain infl uence on the mass transfer rate is exerted by the moisture content of the material processed and by the temperature of the working gas (Fig. 5) .
The criterial dependences Nu Dmax = f (Re T ) obtained after processing experimental data offer the possibility of generalizing the results and extending them to other modes and units in the realm of the similarity theory. Greater possibilities of generalizing and applying of the results obtained are provided by taking in account the physical features of the gas surrounding the particle by using the Prandtl number Pr = ν/D.
The results of such processing of experimental data are presented in Fig. 6 in the form of the criterial dependence Nu Dmax = f (Re T , Pr D ).
Thus, the obtained values of β and Nu D and dependences offer the possibility of calculating mass exchange at different points of the unit and, fi rst of all, of the par- Simultaneously, the possibility of calculating mass exchange in a plant (device) as a whole and the relationship for the interphase mass exchange rate not only with the aerodynamic and thermophysical characteristics of the gas and particles but also with geometric and performance characteristics of the plant (device) are of utmost interest from the practical point of view for constrictive and thermal calculations.
Such possibilities are opened by the generalization of experimental data by means of Nu DΣ and Re int , where the Reynolds number is calculated using the particle diameter and gas fl ow velocity at the inlet to the whirling chamber. Thus, the processing of experimental data allows us to identify the relationship Nu DΣ = f (Re inT ) and, with the use of the Prandtl number, the dependence like Nu DΣ = f (Re inT , Pr D ), which offer the possibility of extending the obtained data to the whirling devices using the gas coolants with other characteristics.
The mathematical processing of results allows us to obtain generalized equations for calculating the effective mass transfer suitable for the engineering practice:
where A depends on the thermophysical properties of material and of the heat-carrying agent. Under base conditions, A for powdered iron is 0.103 while for the quartz sand it is 0.28. For all the conditions studied, the effect of the gas fl ow temperature can be taken into account by the following formula:
Nu D (t) = Nu D (t bas) + 0.025 (t g -t g bas ).
FIG. 6:
Criterial dependence in the cases of changing the gas fl ow temperature t g (a) and initial dampness of material W H (b)
The effect of humidity is described as follows:
The obtained results suggest the high intensity of the heat and mass exchange processes in whirling gas-dispersion fl ow with the counterfl ow of phases which, in conjunction with the processes of the intercomponent division proceeding in the same technological volume, provides the possibility of developing high-effi ciency technological processes and compact devices.
PRACTICAL REALIZATION OF THE TECHNOLOGICAL PROCESS OF PROCESSING DISPERSION MATERIALS IN WHIRLING GAS FLOW
At the Institute of Chemistry (FEB of RAS), a number of whirling devices have been developed and realized in industrial practice for thermal and thermochemical processing of raw materials in chemical production and for roasting and drying mineral raw materials in the metallurgy. One of the possible technical solutions and examples of the developed apparatus that was introduced into production is the installation for producing hydrophobic sorbents. It is known that the widely accepted manufacturing method for production of materials with targeted properties consists of application of other substances on them by the method of adsorption.
For example, the hydrophobization of mineral dispersion materials by organic substances changes their properties: poured density, fl owability, water saturability and allows us to use them as sorbents for releasing organic substances from solutions, fi lling agents for composite construction and road materials and for other purposes.
The natural hydrophobicity, i.e., the water-repellency of minerals under natural conditions, is a rare phenomenon and, thus, to satisfy the industrial needs in hydrophobic engineering materials, artifi cial hydrophobization is required. The artifi cial attainment of water-repellent properties consists of production, on the material surface, of thin coat of organic hydrophobizator. This requires the development of special processes and devices. The energy, material, and time expenditures for running an absorption process and the quality of processing depend on the effi ciency of mass and heat exchange between the adsorbent and the gas in processing units.
In the earlier known industrial practice of hydrophobization, the following variants of processing were used:
• in the liquid hydrophobizator, in the course of grinding operation (Mutul and Belyakov, 1955; Yudakov and Zubets, 1988 ); • in the liquid hydrophobizator with heating and addition of surface-active reagents in (Manokhin and Reznichenko, 1983 ); • in the vapor-gas phase of hydrophobizator (Mutul and Belyakov, 1955) ; • in the gas phase of hydrophobizator (Yudakov and Zubets, 1988) .
The review of the known processing methods shows that the results of processing improve as the dispersivity of the hydrophobizator increases up to the molecular level and, as our subsequent experiments showed, to the level of the chemically active fragments of molecules. The formation of hydrophobic fi lms on the surface of mineral particles by means of the gas phase of hydrophobizator is completely determined by the laws of adsorption.
The theory of adsorption shows that the adsorption forces can by nature be chemical (ionic, covalent, coordination bonds) and physical (van der Waals), including the interaction of molecules with permanent dipole (water, spirit, phenol) and molecules with induced dipole interaction between nonpolar molecules and action of forces of hydrogen bonding. In order to produce hard and stationary hydrophobic fi lms on powder particle, it is necessary to use both physical and chemical forces. The kinetics of the absorptive process differs in the fact that the elementary act of adsorption is practically instantaneous (except for chemisorption) and, therefore, the intensity of adsorbate delivery to the adsorbing surface is the limiting factor while the delivery of the adsorbate is the external-diffusion process for open surfaces and the internal-diffusion one for porous materials. The dynamics of adsorption for real objects in the layer or fl ow of material is determined not only by the nature of the adsorption isotherm and diffusion properties of separate particles but also by the aerodynamic characteristics of the fl ow.
Because of the fact that there is no a unifi ed theory which would correctly describe the adsorption process and its kinetics, we performed experimental studies in laboratory plants in order to determine the basic regularities of the hydrophobization process of dispersion materials.
The practice of processing quartz powder, quartz-galenite ore, carbonate powders with fractions of less than 0.5 mm in the gas phase of hydrophobizator and in the stationary layer without mechanical mixing showed that the hydrophobicity arose in all of the cases except for experiments at the natural moisture content of raw materials of more than 20 wt.%. In the performed experiments, the typical parameters of the thermal regime were determined.
Attention is claimed by the close relationship between the processing quality and the initial moisture content of the material. For example, the powder of the quartz-galenite ore being practically dry even without preliminary drying was well processed. Moist quartz sands required long-term drying.
Switching to enlarged laboratory plants was, fi rst of all, connected with the search for the method of effective removal of the fi lms of free and physically bound water from the surface of processed particles. In our opinion, such method consists of the drying of dispersion materials in whirling heat carrier fl ows; therefore, a series of experiments were performed with the use of enlarged whirling plants.
The carried out experiments allowed us to determine the principles of creating installation that would combine the drying of raw materials in whirling heat carrier fl ows with separate generation of a hydrophobizing gas.
Numerous experimental studies were performed with powdered materials of different origins and properties under different thermal conditions. The experiments proved that the hydrophobizing processing yielded better quality when the material was dried and activated deeper in the fi rst stage of processing. The more the hydrophobizing gas was "radicalized" at the initial step of the second stage of processing, the more the material was cooled between drying and hydrophobization. It was noted that the "radicalization" of the working gas allows us to substantially intensify the process of moisture removal from the particle surface, that the temperature of 300 ο С is optimal for developing the physical adsorption on the surface of the dispersion quartz materials and that in the case of the suffi ciently intense processes of moisture desorption and hydrocarbon adsorption, there is no need for constant heating of particles.
The performed experimental studies of the hydrophobization features and the obtained properties of different mineral and technogenic raw materials allowed us to develop the basic principles of the technological process of hydrophobization and its implementation.
As it follows from the analytical and laboratory studies, the processing of materials in the gas medium of the hydrophobizator appears to be most promising. In this case, the basic and mandatory stages of the hydrophobizing processing include the preliminary drying the objective of which is to clean the material surface from water; the hydrophobization proper, the objective of which is to apply and fi x, on the material surface, a coating of hydrocarbon compounds and the cooling of the processed material up to environmental temperature.
In order to develop the optimal technological process of hydrophobization and its implementation, the following should be taken into account:
• the heat exchange between the material and gases in the course of drying, hydrophobization, and cooling; • the mass transfer between the material and gases in the course of drying, hydrophobization, and cooling; • the physicochemical properties of the dispersion material processed; • the properties of gases -dryring agents and gases-hydrophobizators.
The absolute majority of the materials, for which the hydrofobization is reasonable, belongs to the group of capillary-porous substances (ash, expanded clay, perlite, etc.) the special feature of which is that they retain their properties in the course of thermal treatment except for a certain embrittlement due to the loss of moisture. The classification of moisture forms in the order of the bond energy decrease, proposed by P. A. Rebinder, identifi es three forms: chemical, physicochemical, and physicomechanical.
The chemical bond is characterized by an exact quantitative ratio and is divisible into molecular bond, when the moisture is contained in the crystallohydrates, and ionic one (moisture in the form of hydroxyl ions). This bond can be destroyed by a chemical reaction or incinerating, which results in the destruction of the substance itself with characteristic changes in the properties. In the processes considered by us, the removal of the chemically-bonded moisture is absent and, thereafter, it does not considered.
The physicochemical bond is characterized by nonstrict quantitative ratios between a material and moisture depending on the parameters of the external gas medium (temperature, humidity). In this case, the moisture is bound with material owing to the adsorption of vapor molecules on the entire hard surface as well as due to the osmotic pressure causing selective diffusion of water molecules from the cooling medium through a semipermeable membrane. The adsorption moisture is divided into molecular and polymolecular that vary widely in their properties. The maximum bond energy is characteristic of the fi rst monomolecular layer while the last layer has the least bond energy between the moisture and the surface.
The physicomechanical bond is characterized by undefi ned content of moisture retained by the material due to the surface tension forces and capillary pressure in the pores, cavities, and micro-and macrocapillaries. The microcapillaries are the capillaries in which the free length of molecules is much less than the diameters of capillaries -in them, the saturated vapor pressure above the meniscus surface is less than the saturated vapor pressure above the open fl at surface of the fl uid; therefore, the capillary condensation of vapor is possible. Because the basic mass of the capillary moisture is not bound with the material by the physicochemical forces then, in the thermal calculation of the process of its removal, the amount of energy equal to the heat of vaporization should be provided.
It should be noted that there is no distinct boundary between separate form of bonding and types of moisture and they can vary at the expense of each other when the material state undergoes a change. The total amount of moisture per unit mass of the absolute dry material is called the moisture content:
Not infrequently, the concept of material dampnessy is also used:
In what follows we used the concept of the moisture content which appears to be preferred because the mass of absolute dry material remains constant in the course of drying.
In practice, the moisture content of materials subject to hydrophobization depends on the conditions of their production and storage as well as on the atmospheric air humidity. At the same 100% humidity of air, the maximum hygroscopic water content of the material depends on the properties of the latter.
Consideration of the above-mentioned physicochemical features of the initial material allows us to come over to the choice of a gas-drying agent and hydrophobizator. In actual practice, for thermal treatment (drying) of dispersion materials, a wide variety of different gases (steam, air, furnace (stack) gases, and nitrogen) as well as fl uids can be used as heat transfer agents. In many cases, the great technical and economical advantages are provided by the use of overheated steam (Romankov and Frolov, 1982) . However, for hydrophobization, the selection should be limited to the air or furnace gases from considerations of the specifi city of the surface treatment of material and requirements to the economic effi ciency of the process.
The furnace gases are the most advanced heat transfer and drying agents for thermal treatment before the hydrophobization. The advantages of their use lie in the possibility of obtaining a wide range of gas temperatures, simplicity of furnace plants, possibility of using waste gases from furnaces, boilers, and other power-supplying plants. The furnace gases have, in their composition, nitrogen, oxygen, carbon monoxide and dioxide, sulfur gas, and steam. The composition of gases depends on the type of the fuel used (diesel fuel, mazut, petroleum, coal) as well as on the amount of air delivered for fuel combustion and dilution of the products of combustion up to the necessary temperature as the fuel and air contain moisture and, in the course of combustion, water molecules are formed as a result of the oxidizing of hydrogen and carbohydrates and the furnace gases contain steam. However, the relative gas humidity remains not high, and the process of desorption of water molecules from the surface of the processed material proceeds. In this case, the higher the temperature of the combustion products, the more effective is drying and the more compact can be the plant.
The basic technological parameters and the process of drying can be calculated and analyzed by means of I-d diagram of humid air with a negligible error.
In the case of hydrophobization, there is a number of heat-exchange processes: between the gas-drying agent and the material processed, between the gas-hydrophobizator and material, between the two-component fl ow of gas+material and plant wall, between the plant as a whole and the environment. The environmental heat loss can be determined from the common heat-transfer equation:
In the case of faulty sealing of the plant, the heat outgoing due to the uncoordinated heat exchange should be added to the above losses. The heat exchange between the two-component fl ow and walls of the plant determines also, to a great extent, the environmental heat losses and level of temperatures within the zones of drying and hydrophobization. The analytical calculation of this heat fl ow is diffi cult; however, the methods of its calculation were developed for a number of practical cases.
According to the calculation performed by the present authors, the heat exchange between the material and gas-hydrophobizator plays a minor role because of the fact that both components have close temperatures and the consumption of the hydrophobizator is low.
The crucial role in the technological process is played by the interphase heat exchange between the gas-drying agent and material; it has an effect on the intensity and quality of drying the surface of particles, energy costs for running the process, technical and economic characteristics and dimensions of the entire processing plant. The interphase heat exchange is calculated in accordance with the general principles.
The special feature of the heat-exchange calculation in hydrophobization lies in the fact that the radiation heat transfer is eliminated from consideration because it becomes comparable with convective one at temperatures above 650 o С and maximum temperatures within the drying zone are much lower in the course of hydrophobization.
The mass transfer in the technological process of hydrophobization takes place in evaporation of moisture from the surface of particles as well as when applying a hydrophobic coating where the hydrophobizing substance travels inside of the gas phase and passes from the gas phase to the surface of solid particles, migrating through the pores and cracks in the volume of particles of the material processed.
Based on the available experimental data, it appears that the process of drying-hydrophobization includes the following macrokinetic processes:
1. Diffusion of water molecules from the boundary layer adjacent to the external surface of a particle to the core of gas volume or fl ow (molecular and convective diffusion). 2. Evaporation (desorption) of water molecules from the surface of particles to the boundary layer (mass transfer). As in this case the driving force of mass transfer is created by heating, the intensity of mass transfer is determined by the intensity of heat exchange. 3. Diffusion of moisture from the pores, capillaries, cracks in the particle to its surface (mass conductivity). 4. Diffusion of hydrophobizing gas from the core of the gas volume of fl ow to the external surface of particles (molecular and convective diffusion). 5. Adsorption of hydrophobizator at the surface of particles (mass transfer). 6. Diffusion of hydrophobizator into the pores, capillaries, and cracks of particles (mass transfer).
The rate and quality of material processing are determined by the character of the particular above-noted stages of the process and their sets and are calculated with aid of semiempirical dependences.
The presented methods of calculations and experimental studies allowed us to develop the techniques of estimation and calculation of the processes of preliminary drying of the dispersion materials and process of application of hydrophobic coating. As it follows from the foregoing, the calculations with the use of numerous semiempirical dependences should be performed taking into account different factors characterizing the properties of interacting substances, operating parameters of the process, and the constructional features of the plants in which this process is realized for the accurate quantitative determination of the hydrophobization process. The effective way of solving these problems consists of the application of numerical techniques for modeling the studied process, refi nement of the effect of different factors, and determining their optimal values and ratios.
When developing the optimal technological process of hydrophobization, the provision of the intense heat and mass exchange between the material and gas environment in the stages of heating and drying, the subsequent division of material and gas-drying agent containing the removed moisture and interaction between the hydrophobizator and surface of the processed particles are determining. It is evident that the solution of this problem is possible by way of the application of the whirling plants providing the high intensity of heat and mass exchange between the solid and gaseous media and their subsequent separation.
The general diagram of the developed typical whirling plant for hydrophobization of fi nely divided materials is presented in Fig. 7 .
The initial (raw) materials are put into the bin 1 and, using the feeder 2, are supplied to the working zone. The feeder can be of any type; however, the advantages of the Auger-type feeder include the possibility of smooth adjustment of the rate of material delivery using an electromotor as well as impermeability of the plant provided by it. The raw material is supplied through the top of the working zone of the whirling chamber 4 and, together with combustion products of liquid fuel leaving the prechamber 3, forms heterogeneous whirling fl ow in which the intense heat and mass exchange between the solid and gaseous components takes place as a result of which the solid material is heated and dried to the required state. Passing through a
FIG. 7:
Diagram of the whirling plant for hydrophobization of dispersion materials "narrowing" zone and keeping the suffi cient rotation, the heterogeneous fl ow enters the separation chamber 5 where the drying process terminates and the separation of the solid material from gases occurs under the action of centrifugal forces. The solid material enters the wall-adjacent zone and falls down to the chamber 6, while the exhaust gases are removed by the smoke exhauster 9 from the plant through the axial pipe branch and cyclone dust collector 7 and, after additional cleaning, are ejected into the atmosphere.
The fi ne fraction of the material caught by the cyclone dust collector can also be supplied to the chamber 6 and mixed there with basic material or removed separately for the following selection of optimal granulometric composition of mixtures.
In the chamber 6, the cooling of material and its processing by the hydrophobizing gas by means of gas bubbling through the layer of material occur. From the standpoint of recuperation of a part of heat, it is reasonable to cool the chamber by air supplied by the fan 8 and for blowing it to the prechamber.
This hardware diagram allows us to create high-effi ciency installations with any capacity for different dispersion materials. For creation of the installations with specifi c applications in mind, it is necessary to calculate the characteristics of gas and material motion, separation of particle motion, interphase heat and mass transfer, and to perform the thermal and design calculations of the installation as a whole.
CONCLUSIONS
The results of performed calculating-experimental studies allowed us to establish the qualitative and quantitative dependences of the intensity of internal interphase mass transfer on the Reynolds and Prandtl numbers. The experiments showed that in processing the dispersion materials in whirling gas fl ow, the optimum conditions for the physicochemical interaction between the particles processed and the gas are created.
The experimental-industrial studies related to the realization of the technological process of hydrophobization allow us to develop and successfully apply in industry a variety of technological processes and plants for hydrophobization of dispersion materials with different characteristics.
All the obtained data can subsequently be used in the course of designing and operating different-purpose whirling plants: for drying and hydrophobization of dispersion materials, for recovery annealing of powdered metals, for spraying thermoplastic powdered paints, for drying molding sand, and for treatment of mineral raw materials. The empirical relationships allow us to improve the accuracy of the mathematical modeling of the heat and mass exchange processes in gas-dispersion fl ows. The results of experiment can be used for solving partial production problems concerning the optimization of operating modes of the processing equipment using gas-dispersion whirling fl ows.
